The melt flow and temperature distribution in a 200 mm silicon Czochralski furnace with a cusp magnetic field was modeled and simulated by using a finite-volume based FLUTRAPP (Fluid Flow and Transport Phenomena Program) code. The melt flow in the crucible was focused, which is a result of the competition of buoyancy, the centrifugal forces caused by the rotations of the crucible and crystal, the thermocapillary force on the free surfaces and the Lorentz force induced by the cusp magnetic field. The zonal method for radiative heat transfer was used in the gowth chamber, which was confined by the crystal surface, melt surface, crucible, heat shield, and pull chamber. It was found that the cusp magnetic field could strength the dominant counter-rotating swirling flow cell in the crucible and reduce the flow oscillation and the pulling-rate fluctuation. The fluctuation of dopant and oxygen concentration in the growing crystal could thus be smoothed.
Czochralski ( Cz) crystal growth process is the most dominant technique in manufacturing of silicon crystals. Many investigators have devoted their efforts to the improvement of large diameter crystal growth technology" ' . Recently, the Czochralski method is being used to grow silicon single crystal with a diameter of 300 mm and more. Compared to a smaller size, the increase of the crystal diameter from 200 to 300 mm and therefore of the crucible causes the melt flow to be more three-dimensional, time-dependent and turbulent, which in most cases has a detrimental effect on the heat and mass transfer and thereby on the crystal quality"] . Physics-based modeling and numerical simulation of Cz silicon single crystal growth have been used to understand the characteristics of different factors, and to identify the essential roles they played in improving the crystal quality.
In the early 1980s, the cusp magnetic scheme was introduced to achieve a lower oxygen concentration and good radial uniformity'" 31 by adopting the advantages of axial magnetic fieldc4] and transverse magnetic field"] . Hicks et a1 . [61 investigated the oxygen transport in magnetic Cz growth of silicon with a non-uniform magnetic field. Sabhapathy and Salcudean"] studied the melt motions in the silicon Cz growth in an axisymmetric magnetic field. The magnetic field has since been applied to control the stability of the melt convection, the dopant and oxygen concentrations. Ma et al.[*] studied the defects in the crystals grown under three different cusp magnetic fields by using the infrared light scattering tomography. They found that defect density decreases by changing the centre position of the cusp magnetic fields from "outside" to "inside", and they considered the "inside" configuration to be the most effective to obtain a low defects density and oxygen content uniformity. Kim and Lee"] Coriolis effect also plays a role in the melt motions, competing with the forced convections by the rotations of crystal and crucible, the buoyancy flow, the Lorentz force-induced convection, and the thermocap-JOURNAL OF RARE EARTHS, Voi. 25, Suppl. , Jun . 2007 illary convection induced by non-uniform temperature distributions on the free surface.
A multiphase system for a 200 rnm industrial silicon growth system consisting of the melt, crystal and furnace was considered. The transport phenomena in the process was focused by using the finite volume method"" l 3 I . The zonal method for radiative heat transfer in the growth chamber was used, which was confined by the crystal surface, melt surface, crucible, heat shield, and pull ~h a m b e r "~] .
The effects of a cusp magnetic field on the growth process were studied.
Physical and Mathematical Models
A sketch of cusp magnetic field configuration for the growth of silicon single crystals is shown in Fig. 1 .
The cusp magnetic field configuration consists of two circular, current-carrying loops that are located outside the crucible with one placed above the melt surface and another one below the melt surface. The magnetic field is assumed to be axisymmetric and steady, and has no normal component at the free surface. The ambient gases are electrical insulators, while the melt is an electrical conductor"'. The components of the current density vector are defined as,
Considering the cusp magnetic field configura-
where 0, is the electric conductivity of the melt, and !P is the electric current stream function. The equation for !P is then written as, 
After the electric density and the magnetic induction are calculated, the components of Lorentz force can be written as
Assuming that the Boussinesq' s approximation can be applied to the buoyancy effect and the flow is incompressible, the governing equations can be written and RCail = 2.9 R , . We assume that the magnetic field is unaffected by the fluid motions. After obtaining the magnetic field, the electric current stream function ??
can be obtained by solving Eq . ( 5 ) and the Lorentz force can be obtained from Eqs , (7 -9 ) .
In the following calculation, the crucible radius is R, = 0.24 m, the crystal is rotating at 15 ramin-', and the crucible is rotating in the opposite direction at The crystal rotation ensures the radial symmetry of thermal condition, so that the crystal grows as a cylinder. Furthermore, the crystal rotation leads to a lower density of any disturbing crystallographically related effects. The crucible rotation is to even out variation in the thermal gradients, dopant distributions, etc . , in the azimuthal direction. The crucible rotation also serves the purpose of tuning oxygen concentration, as the crucible wall is the major source of oxygen in the silicon melt. It is found that the application of a cusp magnetic field can strength the dominant counter-rotating swirling flow cell. Consequently, the oscillation of melt flow and the fluctuation of pumling rate can be reduced. As a result, the fluctuation of dopant and oxygen concentration in the growing crystal can be smoothed. 
Conclusion
The flow patterns and temperature distributions in a 200 mm Cz silicon growth furnace were modeled and was found that the cusp magnetic field could strength the dominant counter-rotating swirling flow cell, and could reduce the flow oscillation and the pulling rate fluctuation. The fluctuation of dopant and oxygen concentration in the growing crystal could thus be smoothed.
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